Epstein-Barr virus (EBV) polymorphisms were examined in 12 cases of nasal natural killer (NK)/T-cell lymphoma diagnosed in the United States (U.S.-NL) with respect to the EBV-associated nuclear antigen (EBNA)-1 carboxy (C)-terminal region and the EBNA-4 region. A single dominant EBV strain was found in all cases. EBNA-1 sequences were remarkably homogeneous, showing either a P-ala (2/12) or P-ala variant (9/12) sequence. Other EBNA-1 subtypes known to be common in U.S.-reactive samples, such as P-thr or V-leu, were not identified. The final case had a base deletion with frame shift and premature stop codon. EBNA-1 C-terminal amino acid substitutions were common at codons 499 (10/12 cases), 502 (7/12), 524 (9/12), and 528 (6/12), all previously reported "hot spots." However, unlike previous reports of other EBV-associated neoplastic and reactive tissues, mutations were absent at residues 487 and 492. Mutations within HLA-A11-restricted immunogenic EBNA-4 epitopes 399 -408 and 416 -424 occurred in 3 of 12 cases but were not associated with HLA-A11 status. In summary, the exclusive finding of P-ala variant or P-ala EBNA-1 sequences in U.S.-NL cases differs from that reported in U.S.-reactive and non-U.S.-NL cases. Although the significance of this difference is not known for certain, it may be related to geographic and/or site-specific variations, rather than oncogenicity per se. (Lab Invest 2002, 82:957-962).
pstein-Barr virus (EBV) is found in essentially all cases of nasal natural killer/T-cell lymphoma (NL) and has been shown to be clonally integrated, implying a role in lymphomagenesis (Ho et al, 1990; Jaffe et al, 1996) . The hypothesis that certain strains of EBV are associated with malignant transformation or with certain tumor types has been an area of active investigation. EBV gene polymorphisms have been demonstrated in a variety of EBV-associated tumors, including endemic Burkitt's lymphoma, Hodgkin's disease, immune deficiency-related lymphomas, gastric carcinoma, and nasopharyngeal carcinoma, as well as in EBV-positive reactive tissues and cultured lymphoblastoid cell lines (Bhatia et al, 1996; Chang et al, 1999; Chen et al, 1998; Fassone et al, 2000; Greiner et al, 2000; Gutierrez et al, 1997; Habeshaw et al, 1999; MacKenzie et al, 1999; Sandvej et al, 2000; Wrightham et al, 1995) . Although some earlier studies suggested association of particular EBV strains with certain malignancies (Bhatia et al, 1996; Gutierrez et al, 1997) , many subsequent studies have not confirmed this and, instead, have concluded that EBV sequence differences reflect geographic variations rather than any oncogenic potential Chen et al, 1998; Fassone et al, 2000; Habeshaw et al, 1999; MacKenzie et al, 1999; Sandvej et al, 2000) .
EBV gene polymorphism has been less well studied in NL, and only a few reports are present in the literature. Gutierrez et al (1998) studied EBNA-1 in 39 NL cases from Mexico and Peru and reported the presence of multiple EBNA-1 subtypes within most (33/39) of their cases, suggesting ongoing in vivo mutation as the source of the heterogeneity. No particular EBNA-1 subtype emerged, although mutations at codon 487 were common. Only one other study has examined EBNA-1 in NL, reporting on only two Chinese NL cases amongst other EBV-associated tumors (Sandvej et al, 2000) . Chiang et al (1999) has reported on EBV gene polymorphisms at other genetic loci (LMP1, EBNA-2, and EBNA-3C) in 23 Chinese NL cases. In contrast to Gutierrez et al (1998) , Chiang et al (1999) detected only a single virus strain in nearly all cases. A predominance of the LMP1 30-bp deletion variant was seen in the tumor cases (91%); however, this LMP1 deletion variant was also quite common (63%) in the non-neoplastic nasal tissue of the Chinese population reported in the same study. The issue of EBV gene polymorphisms in NL, therefore, remains unsettled. Furthermore, no studies have examined NL cases from the U.S. or Western populations, where the tumors are much more rarely seen.
EBNA-1 has received much attention in studies of EBV-associated tumors. The EBNA-1 gene is essential for the maintenance of the viral genome in latently infected cells and is consistently expressed in all EBV-associated tumors. Sequence analysis studies of EBNA-1 have focused on the C-terminal region, which contains a probable DNA binding-dimerization domain at residues 467-583 (Ambinder et al, 1991) . Variations in EBNA-1 C-terminus have been classified according to the schema of Bhatia and colleagues relative to the prototype B95.8 virus, termed P-ala because of the presence of alanine at codon 487 (Bhatia et al, 1996; Gutierrez et al, 1997) . The other prototype (P-thr) has a similar sequence but with threonine at 487. Variants (V-val, V-pro, and V-leu) are also named for substitutions at 487 but have more substantial additional amino acid differences.
EBNA-4 is another latently expressed gene and is the major HLA-A11-restricted target (at epitopes 399 -408 and 416 -424) for the cytotoxic T lymphocyte (CTL) response to EBV infection in HLA-A11-positive hosts . Escape from CTL surveillance has been postulated as a mechanism for EBV persistence, and, theoretically, could play a role in EBV-associated neoplastic transformation. High mutation rates within these immunodominant epitopes in a highly HLA-A11-positive population from Papua New Guinea were attributed by de Campos-Lima et al (1993, 1994) to immune selection pressure and were thought to contribute to persistence of these EBNA-4 variant strains. Subsequent studies, however, support the notion that variations in EBNA-4 sequence are primarily related to geographic variations and are unrelated to HLA-A11 status, being just as common in populations with a low HLA-A11 frequency (Burrows et al, 1996; Khanna et al, 1997) . EBNA-4 mutations have also been identified commonly in EBVassociated Hodgkin's disease, gastric carcinoma, and AIDS-related lymphomas from the U.S., Brazil, and Japan and were unrelated to HLA-A11 status (Chu et al, 1999) . No data have been published on EBNA-4 in NL to our knowledge.
In this study, we examined EBV sequence variation in 12 U.S. cases of NL with respect to the EBNA-1 C-terminal region and EBNA-4 HLA-A11-restricted target epitopes. HLA-A11 status was determined as well. The goal was to compare EBV sequences with the limited reported data on other non-U.S.-NL and with known EBV subtype distribution in nonneoplastic tissues from the U.S. population.
Results

EBNA-1 C-Terminus
Results of EBNA-1 C-terminal sequencing are detailed in Table 1 . Based on the classification schema of Bhatia and colleagues (1996) , which is primarily dependent on the sequence at codon 487, the EBNA-1 strains from the U.S.-NL cases are classified as P-ala (two cases) or as variants of P-ala (nine cases). Requisite to their designation as P-ala or P-ala variants, all U.S.-NL cases lacked any mutation at 487. One case had a base deletion at 487, with a frame-shift and predicted premature stop codon at 494.
The nine cases with mutations averaged 4.4 base substitutions relative to B95.8 (P-ala). Mutations were limited to six codons, only one of which (codon 520) was always silent. Mutations resulting in amino acid substitutions were common at codons 499 (8/12 cases), 502 (7/12), 524 (8/12), and 528 (6/12). Codon 500 had an amino acid substitution in 2 of 12 cases. Amino acid substitutions were remarkably consistent, invariably resulting in the following substitutions relative to B95.8: Asp3 Glu (codon 499), Glu3 Asp (500), Thr3 Asn (502), Thr3 Ile (524), and Ile3 Val (528). Five cases had an identical EBNA-1 sequence with base substitutions at codons 499, 502, 520, 524, and 528. Two additional cases were very similar, sharing mutations at 499, 502, 520, and 524; but they lacked a mutation at 528 and had an additional mutation at 500. Of the remaining two cases, one had a single amino acid substitution at 524, and the other had two substitutions at 499 and 528.
EBNA-4 and HLA-A11
EBNA-4 mutations and HLA-A11 status of U.S.-NL cases are detailed in Table 2 . EBNA-4 mutations within epitopes 399 -408 and 416 -424 were identified in 25% (3/12) of U.S.-NL cases. Two of these cases had three mutations each, two of which were identical (399 Ala3 Ser, 400 Val3 Leu). The other mutation was at codon 424 (Lys3 Asn) in one case, whereas in the other case the mutation was outside the area of interest. A third case had mutations at 400 (Val3 Met) and 417 (Val3 Leu). A fourth case had two mutations, both outside the epitopes of interest. Four sites (399, 400, 417, and 424) accounted for all the EBNA-4 mutations within the HLA-A11-restricted immunogenic epitopes of interest. Four (33%) of 12 cases were HLA-A11 positive. EBNA-4 mutations within epitopes 399 -408 or 416 -424 were present in 1 (25%) of 4 HLA-A11-positive cases and 2 (25%) of 8 HLA-A11-negative cases. One additional HLA-A11-positive case had two EBNA-4 mutations, both of which were outside the epitopes of interest.
Discussion
NL are essentially always EBV associated and usually demonstrate infection in most of the tumor cells by in situ hybridization for EBV-encoded RNA. NL occur uncommonly in the U.S. but share identical morphologic, immunohistochemical, and molecular features with their more frequent counterparts in Asia and certain South and Central American populations (Arber et al, 1993; Gaal et al, 2000; Jaffe et al, 1996) . Characterization of EBV polymorphisms to assess for tumorigenic strains or association with specific tumor types has been more extensively studied in other EBV-associated malignancies. Most studies have attributed EBV strain variation to geographic differences, although there are some reports suggesting Gaal et al tumorigenic varieties. Comparison with geographic controls is necessary to critically evaluate results.
EBNA-1 C-terminal mutations (relative to B95.8) were commonly found in U.S.-NL (83% of cases) and showed surprising homogeneity, being classified either as P-ala (2/12) or P-ala variants (9/12). Five U.S.-NL cases had an identical EBNA-1 pattern, with base substitutions at 499, 502, 520, 524, and 528. On review of the literature, this pattern is identical in codons studied to only a single case (1/29 studied) of posttransplant-related lymphopro- 
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Laboratory Investigation • July 2002 • Volume 82 • Number 7 liferative disorder termed P-ala VI (Greiner et al, 2000) and a single case (1/11 studied) of primary effusion lymphoma termed P-alaЉ (Fassone et al, 2000) . One of the Peruvian/Mexican-NL cases (NL4) of Gutierrez and coworkers was also similar, sharing the same five base substitutions but also had an additional mutation at codon 529 (Gutierrez et al, 1998) . Complete sequence data were not published, however, for all the NL cases of Gutierrez et al, and others may have been similar. Some commonly noted sites of EBV EBNA-1 strain variation in other studies, such as codons 487, 492, and 525, did not show any mutations in U.S.-NL cases. The relative homogeneity of the U.S.-NL cases seems even more striking considering the variable ethnic distribution of the U.S. cases (two Caucasian, two Hispanic, one Vietnamese, one Filipino, six not known).
EBNA-1 variants in U.S.-NL differ from prevailing EBNA-1 strains in U.S. non-neoplastic tissues based on available data (Table 3 ). Our group previously studied 11 cases of EBV-positive reactive lymphoid tissue in the U.S. population and found 45% P-thr and variants, 36% V-leu and variants, and 18% P-ala and variants (Chen et al, 1998) . Greiner et al (2000) sequenced 25 nonneoplastic U.S. EBV-positive samples from blood (n ϭ 9), lung or bronchial fluid (n ϭ 7), colorectal biopsy specimens (n ϭ 2), and lymph node (n ϭ 1) and found a similar distribution, showing 68% P-thr and variants, 24% V-leu and variants, and 8% P-ala. Prototypes P-ala and P-thr were also the most commonly detected variants in reactive peripheral blood lymphocytes of American donors by Bhatia et al (1996) (precise sequences not provided), although they were often found with other EBV subtypes. V-leu was not detected in any of those peripheral blood lymphocyte samples. Based on these studies, the predominant EBNA-1 subtypes in the U.S. population from different sources (blood and tissue) seem to be a mixture of P-thr, V-leu, and P-ala. The consistent presence of P-ala and P-ala variants in U.S.-NL, and the absence of P-thr or V-leu subtypes, therefore, differs from known EBNA-1 strain distribution in the U.S. population and suggests an association. However, because of the lack of data on nasal site-specific EBNA-1 strains in the U.S., we cannot completely exclude the possibility that the bias toward P-ala variants is related to nasal site rather than a lymphomagenic strain per se. We were not able to detect EBV in several randomly chosen benign nasal biopsy specimens by PCR.
Bhatia's classification of EBNA-1 is primarily based on the amino acid present at codon 487, which originally seemed to be more or less predictive of the remainder of the C-terminal sequence. However, as more data on EBNA-1 has emerged, heterogeneity of strains with the same 487 residue is greater than originally expected, expanding the number of variants. Classification according to the original schema, therefore, seems less informative. For example, the most common variant detected in this study is classified as a P-ala variant because of lack of mutation at 487; however, it actually differs by fewer base substitutions from V-val (only three substitutions, with Val at 487) than from P-ala (five substitutions).
A slightly different approach in analyzing EBNA-1 variations is to focus on particular mutational "hot spots," rather than attempting to classify as prototype or variants. Amino acid substitutions relative to B95.8 at EBNA-1 C-terminal codons 499, 502, and 524 were common regardless of whether neoplastic or reactive, and regardless of locale of NL (U.S., Mexico/Peru, or China) (Table 3) . Substitutions at 499, 502, and 524 are therefore likely normal polymorphisms without oncogenic potential. In contrast, the U.S.-NL cases differed strikingly from reactive tissues in lacking mutations at 487, 492, and 525. Although the lack of mutations at these codons seems associated with U.S.-NL cases, these same sites have been previously reported as frequently mutated in the large series of Mexican/Peruvian NL cases of Gutierrez et al (1998) and the two Chinese-NL cases of Sandvej et al (2000) ( Table 3) . Polymorphisms at 487, 492, or 525, therefore, are also unlikely to harbor oncogenic potential. The reason for the variance of EBNA-1 sequences in Table 3 a Mutations are estimated from a bar graph in the report of Gutierrez et al. (1998) , and the amino acid substitutions are those listed as most commonly observed (precise sequence data not reported). Data from all other studies is taken from precise published sequences.
Gaal et al
U.S.-NL cases with non-U.S.-NL cases in the literature may not only be geographic, as has been found in other EBV-associated malignancies, but may also be related to site. Unfortunately, there is not sufficient data to assess either of these possibilities. Normal geographic EBNA-1 strain variation in Central and South America is not known; nor is there data on nasal site-specific EBNA-1 strains in non-neoplastic tissues. Detailed EBNA-1 analysis from areas with higher NL frequency, such as in Asia, would also be very interesting but has not yet been reported.
A single dominant EBNA-1 C-terminal sequence was identified in each U.S.-NL. Chiang et al (1999) also detected only a single dominant EBV population in 23 Chinese NL cases based on LMP1 analysis, whereas mixed strains were more commonly seen (29%) in nonneoplastic nasal tissue. In contrast, the majority (33/39) of Mexican/Peruvian-NL cases by Gutierrez et al (1998) showed a multiplicity of EBNA-1 substrains using subcloning technique. Although subcloning was not performed, our results favor the presence of a single clonal EBV population in NL and do not support the postulated phenomenon of ongoing mutation.
No relation between HLA-A11 status and EBNA-4 mutations was detected in U.S.-NL cases. Mutations within epitopes 399 -408 and 416 -424, which have been shown to be the major immunogenic epitopes of the HLA-A11-restricted CTL response to EBV infection, were equally as common (25%) in HLA-A11-negative and HLA-A11-positive cases. Most (70%) of the EBNA-4 mutations detected in this study were at residues 399, 400, 417, and 424, all of which were previously identified hot spots showing similar amino acid mutations in other EBV-associated tumors (Burrows et al, 1996; Chu et al, 1999; de Campos-Lima et al, 1994) .
In summary, we report data on EBV polymorphisms at EBNA-4 and EBNA-1 C-terminus in 12 U.S.-NL cases. EBNA-4 mutations are not related to HLA-A11 status in U.S.-NL. All U.S.-NL cases showed a single dominant EBNA-1 strain, with a striking relative uniformity of mutation pattern. The exclusive finding of P-ala and variants in our study differs from the prevalent EBNA-1 strains reported from nonneoplastic U.S. samples (geographic control), as well as from NL cases from other countries. Despite this difference, statements about the oncogenicity of any particular EBV strain would be premature, in part because data on EBNA-1 strains in normal U.S. nasal tissue (site-specific control) are lacking. Furthermore, although there was a uniformity of EBNA-1 subtypes in this study, the variation of EBNA-1 subtypes in the NL cases reported in the literature argues against the association of any particular strain with lymphomagenesis.
Materials and Methods
Cases
Twelve cases of NL lymphoma diagnosed in the U.S. were studied. The features of these cases have been previously reported with regard to clinical presentation, histology, immunophenotype, in situ hybridization for EBV-encoded RNA (EBER-ISH), and T-cell receptor gamma chain gene rearrangement (Gaal et al, 2000) . All cases were positive for EBV EBER-ISH.
PCR Amplification for EBNA-1 C-Terminus and EBNA-4
Genomic DNA was extracted from 5-m cut sections of formalin-fixed, paraffin-embedded tissue blocks, using 0.2 mg/ml proteinase K digestion overnight, followed by denaturation by boiling. PCR studies were performed in a 30-l mixture containing 50 mmol/L KCl, 10 mmol/L Tris buffer (pH 8.3), 50 mol/L of each deoxynucleotide triphosphate, 2.5 mmol/L MgCl 2 , 1 U of Taq polymerase (Perkin Elmer, Foster City, California), and 20 pmol of each primer. For the EBNA-1 C-terminus, the primers were C1 (5'-GAA ATT TGA GAA CAT TGC AGA AGG-3') and C2 (5'-GGG TCC AGG GGC CAT TCC AAA-3'). For the EBNA4 gene, two sets of oligonucleotide primers were used, flanking the EBNA-4 region of prototype B95.8 EBV virus encoding epitopes 399 -408 and 416 -424: EBNA-4 ϩ primer 5'-GAGGAGGAAGACAAGAGTGG-3' and EB-NA-4 Ϫ primer 5'-GATTCAGGCGTGGCTCTTGG-3; nested EBNA-4 ϩ primer 5'-TACCGCAAACACTGCC-GTAC-3' and nested EBNA-4 Ϫ primer 5'-CTGTT-CTGGCTGCCTTCTTC-3'. After an initial denaturation for 3 minutes at 95°C, 45 amplification cycles were performed as follows: denaturing at 94°C for 30 seconds, annealing at 58°C for 30 seconds, and extension at 72°C for 40 seconds. A final extension at 72°C for 3 minutes completed the PCR amplification. Separate laboratories were used for PCR set up and post-PCR work to minimize the possibility of contamination.
Bidirectional PCR Amplification of Specific Alleles for the HLA-11 Locus
Genomic DNA was extracted as above. Amplification of an HLA-11 unique sequence (524 -560 of HLA-A exon 3) was performed by first amplifying region 456 -617 using HLA-A11 primer ϩ 5'-GGACCTGCG-CTCTTGGAC-3' and HLA-A11 primer Ϫ 5'-GTGCG-CTGCAGCGTCTCC-3'. The HLA-A11-specific sequence was determined by the bidirectional PCR amplification of specific alleles method, as previously described (Bottema and Sommer, 1993; Liu et al, 1997; Sommer et al, 1999) .
DNA Sequencing
Thirty microliters of PCR products were run on a 2% agarose gel, and the product band(s) cut out, purified using a Qiaex gel extraction kit (Qiagen, Hilden, Germany), and resuspended in 30 l of water. The products were sequenced with the BigDye Terminator DNA sequencing kit (Applied Biosystems, Foster City, California), using the manufacturer's recommended conditions, and analyzed with the ABI PRISM 310 Genetic Analyzer (Applied Biosystems).
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